SPECIFICATION
This application makes reference to a microfiche appendix consisting of 2 microfiche of 111 total frames.
BACKGROUND OF THE INVENTION
The present invention relates to pulmonary function testers and more particularly to spirometers which mea sure air entering and leaving the lungs during different breathing Various types of techniques have been used to mea sure respiratory flow in pulmonary function testers. One such technique determines air flow and volume by measuring the pressure differential created by air flow ing across a resistance in a tube. For clinical evaluation it is desirable that a device be capable of measuring air flow volume in the range of 12 milliliters/second (ml/sec) to 12 liters per second (1/sec), which is a range of 1,000-to-1. For example, for a pulmonary function tester using an orifice as a res1stance element, the air flow to resistance differential has a square-law relation ship. Therefore, it is necessary to measure pressure over a relatively large range. Furthermore, in clinical evalua tion, it is necessary, according to ATS standards, for the pulmonary function tester to have a high accuracy on the order of 3%. Thus, clinical devices should not only be capable of measuring over a relatively large pressure range, but also provide accurate measurements.
Existing pulmonary testers often go out of calibra tion, i.e. their "zero level' shifts, resulting in inaccurate measurements. In one particular type of pulmonary function tester wherein a pressure transducer is used to detect pressure changes, the stability of the transducer output voltage at zero pressure input ("zero' or "zero level') becomes the most important performance char acteristic, as either long term or short term drift ad versely effects the operation and accuracy of the instru ment. This is particularly so where the transducer man ufacturer's zero drift specifications typically approach of the maximum pressure which is created when the pulmonary function tester is in use. Thus, close atten tion to the zero level is important to achieving an over all 3% volume and flow measuring accuracy.
SUMMARY OF THE INVENTION
In accordance with the present invention, a pulmo nary function tester is provided with means for dynami cally calibrating the tester during tester use. The pulmo nary function tester comprises a mouthpiece and con duit means having two ends, with one end connected to the mouthpiece and the other end connected to a trans ducer means, said transducer means sensing pressure in the conduit means indicative of airflow therethrough, and for producing an output signal indicative of the amount of pressure. Valve means are provided con nected to the conduit means, for venting the transducer to atmosphere. Dynamic calibration means are pro vided for detecting when the pressure drops below a selected level during a selected portion of the flow-time curve, for opening the valve means for a time interval sufficient to obtain an accurate pressure reading when The re-zeroing is particularly necessary for determi nation of "end-of-flow." The point in time at which "end-of-flow' occurs is critical in one calculated pa rameter, FEF25-75. If re-zeroing is not done, and the zero done, and the zero level shifted slightly during the maneuver, a false "end-of-flow' point could be de tected.
The unit is relatively small in size and is portable so that it can be easily carried from bed to bed. Other advantages and objects of the invention will become apparent when considering the following de scription of a preferred embodiment, the accompanying claims and the drawings. The mouthpiece 20 has at its end 46 a diameter of about 1.25 inches, which is conventional, because it allows this end 46 to fit in the mouth of a patient with out permitting the patient to purse his lips. The mouth piece cross-sectional area widens as shown and has a diameter at the location of the fabric of about 2.0 inches.
The arrangement of the mouthpiece and the particu lar fabric specifications of diaphragm 30 are selected so that the differential pressure across diaphragm 30 due to the fabric's resistance does not impede the air flow greatly or cause an excessive back pressure. The pres sure present at the transducer due to inhaling and/or exhaling into the mouthpiece end is predictable and repeatable in the flow range of interest. The mouthpiece may also be replaced for each patient under test.
As will be further described the instrument detects when the flow rate is relatively low, on the order of less than 250 cc/sec, e.g., and then causes the solenoid to switch the three-way valve 38 to connect the trans ducer to atmosphere through port 44. An average of 3 samples of the transducer output is then stored as a zero-level sample since it corresponds to atmospheric pressure and zero flow rate. The total time that the transducer is vented through port 44 to atmosphere is relatively short, e.g. on the order of 0.1 sec or less, and the time between zero readings is relatively long, e.g. at least one second or more.
In the Forced Vital Capacity (FVC) mode, the flow rate plotted vs. time looks like a curve shown in FIG. 2B, and the zero-level samples are taken after the flow rate drops below 250 cc/sec. In other modes, such as Resting Ventilation (RV), or Maximum Voluntary Ven tilation (MVV), the zero-level samples are taken at the flow rate minimums when a cessation of flow rate is sensed (i.e. between inhalation and exhalation). Using a period of low flow rate to take a zero-level sample for calibration purposes minimizes volume measurement error.
A zero-level sample is also taken at the beginning of every test, and a check is made to insure that the zero level has not drifted into an unusable range. A five second-long period of sampler is checked for consis tency which insures that the transducer has finished warming up and that there is not excessive electrical noise in the circuit. The valve remains activated during this time, thus ensuring that the transducer is exposed to ambient air pressure rather than potentially false pres sures due to movement at the mouthpiece. The value of the most recent zero-level sample is stored in memory and is the value subtracted from subsequent pressur measurement samples to arrive at the calibrated trans ducer reading.
As will be described, the output of the transducer is a voltage which is amplified, converted by a voltage-to frequency converter (V/F) to a pulse train having a frequency from 100 Hz to about 330 KHZ, such fre quency being directly proportional to transducer pres sure, and hence, flow rate, and then calibrated by sub tracting the most recent zero-level value. The pulses from the V/F output are then processed using one of two sampling techniques (volume sampling for FVC mode and time sampling for modes other than FVC, as will be described). By converting the transducer output analog voltage into a frequency signal using a V/F converter, and then by counting the pulses from the V/F converter output, an analog to digital conversion is performed using hard ware components. This V/F method of doing analog to digital conversion is preferable over a standard 12 bit CMOS A/D converter because of significantly lower cost, fewer pin connections on the circuit board (8 pins for V/F vs. 24 pins for A/D converter), and better noise rejection. The noise rejection factor is important because of the noise due to the high movement sensitiv ity of the pressure transducer which causes noise result ing from the physical movement of the instrument while being held in the hand, and the "ringing' of the pressure waveform (from overshoot and damped oscillations) due to the conduit or tubing connecting the transducer and mouthpiece. This integrating type A/D arrange ment has much greater noise rejection characteristics than a standard successive-approximation type because much of the noise appearing as peaks and valleys disap pears during the conversion process. The conversion times are long enough to average out the small peaks and valleys, but not too long as to miss detection of small variations of importance. Volume sampling is possible only with an integrating-type A/D, and is an advantage for respiratory measurements over succes sive-approximation methods, particularly because the resolution of the measurement increases as flow de creases. Software integration is prone to rounding er rors, is slow and/or expensive due to increased preci sion in calculations and may sample at a time where a noise spike appears, thus increasing error. FIG. 3 shows, in simplified block diagram form, the pulmonary function tester according to the invention. The tester comprises a mouthpiece connected to a trans ducer. The transducer 40 detects pressure changes which are proportional to the flow rate in the mouth piece 20. The output of the transducer is fed to amplifier 50, whose output is fed to summer 52. The summer 52 also receives a reference signal from reference source 54, which in the preferred embodiment is on the order of 1.2 volts. The summer 52 also receives, from analog to-digital converter (ADC) 56 a baseline (zero flow) offset signal on the order of 0 volts to -1.2 volts, de pending upon the particular calibration needed to zero the transducer, as will be described below. The summer 52 produces a voltage signal which is provided to volt age-to-frequency converter (V/F) 58 which outputs a frequency signal ranging from about 0 to 300-330 KHZ and proportional to the magnitude voltage input thereto. The output of the V/F converter 58 is provided to an appropriate input of microprocessor 60, which 5,058,601 5 samples the output of the V/F converter using one of two methods, ("time' or "volume'), as will be de scribed below. The samples are stored in memory 62 for a later use in computing various parameters depending upon the particular pulmonary function being tested, as selected by input switches 14. The microprocessor 60 then computes one or more parameters for the particu lar pulmonary function being tested and displays the result on display.
The program for controlling the microprocessor 60 is stored in the EPROM memory section of memory 62, and a source code listing of such a program is provided by way of appendix hereto. A RAM section of memory 62 stores the samples of the output from the V/F con verter 58 using a sampling method determined by the particular pulmonary function mode being tested. The pulmonary function tester according to the in vention provides four different testing modes: a Forced Vital Capacity (FVC) mode, a Negative Inspiratory Force (NIF) mode, a Maximum Voluntary Ventilation (MVV) mode and a Resting Ventilation (RV) mode.
In the FVC mode the subject should first inhale to maximum lung capacity, and then exhale as hard and as fast as possible through the provided mouthpiece. When in this mode, the sampling technique of the mi croprocessor of the output from the V/F converter is a "volume' sampling. According to this technique, the microprocessor counts the time required to achieve 10 milliliters in volume to the closest microsecond (0.001 sec), and the time values are stored as samples in RAM memory. The maximum V/F output is approximately 330 KHZ, and the zero level is set to approximately 16.5 KHZ. These values result in 256V/F pulses being equal to 10 milliliters (0.4% volume accuracy). The conver sion speed varies from 775 microseconds at 12 liters/-second to 15 milliseconds at 0 liters/second (0 level). The conversion resolution in volume sampling varies from about 9 bits (0.2%) at 12 liters/second to 14 bits (0.006%) at flows less than approximately 150 mil limeters/second. The 14 bit upper limit is due to the selected crystal tolerance, and is also about at the circuit noise level.
The arrangement provides for a high resolution at low flow rates which is ideal for FVC measurements that depend on accurate beginning/of/test and end /of/test determinations, where the flow is very low. Additionally, most of the flow encountered during an FVC process is in the lower range, where measurement resolution is 11 to 14 bits, as well as the conversion times being longer (longer conversion times mean better noise rejection).
From the stored samples, the following parameters are computed: (1) Forced Vital Capacity (FVC) in liters, (2) the Forced Expiratory Volume in one second (FEV1), expressed in liters (3) the FEV1/FVC ratio in percent, (4) the peak flow rate in liters/second, (5) the Forced Expiratory Flow 25%-75% (FEF25-75 or MMFR) expressed in liters/second and (6) Extrapo lated Volume (VOLet%) expressed as a percentage of FVC. By pressing the "SEQ" button in sequence, the test parameters will be displayed on the display. The tester will retain all of the above set of test values (15 sets total) in memory until the FVC mode is exited or power is turned off.
In the RV, NIF and MVV modes, the microproces sor samples in accordance with a "time' sampling pro cess wherein the number of pulses from the V/F con In the RV mode the subject should undertake normal breathing into the mouthpiece provided according to the invention. Measurement ceases after exactly one minute. The microprocessor will then compute from the data samples stored the parameters of (1) respiratory rate expressed in breaths/minutes, (2) tidal volume ex pressed in volume/breath, and (3) minute volume ex pressed in volume/minute. All three parameters are displayed on a breath-by-breath basis, as well as the average of the latest 4 breaths.
In the NIF mode, the subject should inhale as hard as possible through the special adaptor, which is sealed at one end. This causes a negative pressure build-up inside the adaptor. The microprocessor then computes and displays according to the data samples stored the pa rameters of (1) the most negative pressure achieved in units of (-cm H2O), and (2) a graphic display of nega tive pressure in the form of a 32-element bargraph.
In the MVV mode, the subject should breath as hard and fast as possible for a 15 second interval. A micro processor will then compute from the data samples stored the parameters of (1) A microprocessor IC U2 is provided with connec tions as shown. The microprocessor is connected to rows and columns of momentary contact switches 14 (mode selection switches RV, FVC, NIF and MVV; operation START, STOP switches, CLEAR switch, RECALL switch, PRED (predicted values) switch, up and down arrow switches and ENTER switch in a conventional manner. These switches enable an opera tor to select various measurement and operating modes of the machine and the like. The microprocessor is connected to an output latch U3 as shown and a 32K byte EPROMIC chip U4 RAM memory is provided by way of IC chip U7 which is an 8K by 8 bit memory device. Also connected to the microprocessor, EPROM and RAM is an LCD module for display of the operating parameters measured by the device. An address decoder IC U5 decodes the addresses for the RAM, D/A converter (to be identified below) and the LCD display module. Additionally connected to the microprocessor U2 is a solenoid valve S1 through ap propriate interface circuitry as shown.
In this FIG. 4a as well as in FIG. 4b , various connec tion points have been shown by way of identifying which IC and pins a particular line is to be connected to. Further, a Table at the end of the specification is pro vided to identify the particular values and model num bers for the circuit elements.
Referring now to FIG. 4b , a pressure transducer U14 is shown connected to a positive voltage supply regula tor Q6 and a negative voltage supply -Vs. The positive 5,058,601 7 and negative outputs of the transducer are connected to an instrumentation amplifier U13 which provides again of approximately 30 (G=30). Shown below the trans ducer are a positive voltage supply regulator Q5 and a negative voltage supply U15. The instrumentation am plifier U13 has its output connected through resistor R15 to a summer U12A. Also connected to the input of the summer U12A is a voltage reference provided at the positive side of diode D8 through resistor R9, and the output of D/A converter U8 through its output ampli fier U12B and through output resistor circuitry whose value varies depending upon whether the mode is NIF, or non-NIF (i.e. FVC, RV or MVV).
The D/A converter receives from microprocessor U4 an 8-bit byte which is used to create the offset "zero level'. This is used for dynamic calibration of the de vice as will be described below. When the 8-bit byte is 000 0000, the D/A output voltage is zero volts, and when 111 1111, the output voltage is -1.2 volts. The output of the D/A converter is provided to IC chip U12B which at its output provides an analog signal within the range of -1.2 volts to 0 volts. The "zero level' offset value appearing at the output of U12B is then used to either partially or totally offset the refer ence voltage of 1.2 volts on the positive side of the diode D8 and the zero pressure voltage from the trans ducer. Summer U12A thus sums its 3 inputs through three respective summing resistors: (1) the transducer output through resistor R15, (2) the Vref voltage from the positive side of diode D8 through resistor R9, and ((3) the calibration signal at the output of U12B through resistor R10 alone for non-NIF modes, and the parallel combination of R10 and R11 for the NIF mode.
When the NIF mode is selected, the microprocessor outputs an appropriate signal to U11 which is a switch ing device which closes its switches to connect termi nals 13 and 14 together, and 9 and 10 together. When the switches are so closed, the summing resistors for the calibration signal outputted at U12 are provided by the parallel combination of resistors R10 and Rll. When the switch also connects pins 9 and 10 of the switching device U11, the feedback loop for the summer U12A places resistor VR3 in parallel with VR2, instead of the sole resistor VR3 for non-NIF modes. The switching device U11 thus effects the gain in the summer U12A to provide an overall gain G between instrumentation amplifier U13 and summer U12A of about 300 (G=30 for U13 and G = 10 for U12 in the non-NIF modes. For the NIF modes, U12A has again of about 1 to provide an overall gain of about 30 for U13 and U12.
The output of summer U12A is provided to a voltage to frequency converter (V/F) which provides an output signal in the form of a pulse train having a frequency of between 0 to 300-330 KHZ in dependence and in pro portion to the magnitude of th analog voltage appearing at its input pin 4 thereto. Thus, the frequency of the pulse train appearing at its output is directly propor tional to the pressure sensed by the pressure transducer U14, which in turn is a predictable function of the air flow through the mouthpiece. The output of the V/F converter is fed to an input of the microprocessor which then counts or times the pulses and stores sam ples, using either the time sampling method or the vol ume sampling method described elsewhere herein.
A unique aspect of the present invention is its ability to perform dynamic calibration. During operation in one of its measurement modes, the microprocessor, through its control program stored in EPROM, senses way valve from a position connecting the transducer to the mouthpiece, to a position connecting the transducer to atmosphere for a brief time period which is less than 0.1 second. The program then stores in memory the most recent up-to-date numerical representation of the transducer zero level. In this way, measurement accu racy is improved during periods of zero drift, which can occur during the brief period of measurement, and which is an unavoidable consequence (due to warm up, temperature drifts, mechanical bonding of the sensor chip, and both electrical and mechanical hysteresis ef fects on the silicon sensor chip) of using piezoresistive technology. The value of the "zero level' stored in memory during the calibration sampling period is a digital value which is provided to the input to the D/A converter U8.
Referring now to FIGS. 5a-51, flowcharts of the source program listing provided on microfiche will now be described. In FIG.5a , after the system is turned on by depressing "ON" switch, the display provides a sign on message and determines whether any of the four mode switches of FVC, MVV, RV or NIF, or PRED (Predicted Values) or RECALL switches have been pressed. If so, the program proceeds to the respective module corresponding to the depressed switch. If not, the program waits until one of these six switches are depressed. FIGS. 5b-5g are flowcharts of the six respec tive modules shown in 5a.
In the CALIBRATION module of FIG. 5b , the pro gram determines whether any mode has been run since the device has been turned on. If it has, the calibration mode cannot be selected. Otherwise a calibration can be performed by simultaneous pressing of two particular switches, and is done using the module CALIB. MOD. In this module, the digital-to-analog converter is checked, and pressure calibration for NIF modes and non-NIF modes can be performed, along with other internal circuitry tests. The module is then exited. In FIG. 5c , the FVC mode includes a number of modules. In the FVC.MOD module, which is the exec utive module for the FVC mode, the FVCMEA and FVCALC modules are called, all the results of these modules are stored and displayed, and the best effort for the particular patient is calculated. When called by the FVC.MOD module, the FVCMEA module performs actual measurement of the FVC waveforms, and stores A/D samples for use by FVCALC. The FVCALC calculates six parameters from data samples which were stored by the FVCMEA module. The six parameters had been described above. The PRED or predict mod ule displays predicted values according to one of two selectable, widely-accepted data bases using sex, age, height and race data corresponding to the patient that had been entered by the operator. In this way, the ac tual results of the patient's tests can be compared with target values. If "Best" is pressed, the best values for all tests done since the FVC mode was entered are dis played. The "best' values are selected according to American Thoracic Society recommendations. The program remains in the FVC mode until another mode is selected. In FIG. 5d , in the RESTING VENTILATION mode, the module performs measurements on the ob tained data until the stop switch is depressed or until 5,058,601 one minute has elapsed. The module is exited when another mode is selected. In FIG. 5e , for the NIF mode, the module performs measurements for this mode indefinitely until another mode is selected, whereupon the module is exited. In FIG. 5f , the module performs measurements upon depression of the start switch and continues until the first of either the stop button being depressed or the elapse of 15 seconds. The module is exited when an other mode is selected.
In the PREDICT module of FIG.5g , if this module is entered from any mode other than the FVC mode, the module will display patient data if it has already been entered, and allowing changes to this data if desired. Alternatively, it will prompt the user to enter the pa tient data if such data has not yet been entered. If this mode was entered from other than the FVC mode, no predicted values will be displayed. Only if this mode was entered from the FVC module will the predicted values be displayed.
FIGS. 5h-51, show various utility software modules which are generally used by all of the above-described modes. In the ATZ or auto zero module of FIG. 5h, the module first opens the solenoid valve or vents to atmo sphere, then checks to determine whether the battery voltage level is low and if so, an appropriate message is displayed. The zero level is adjusted and monitored via time sampling in the manner described above. Electrical noise and zero level drift is then checked and if the count has varied or drifted more than a certain amount within a specified amount of time, the zero level is again monitored for the specific amount of time determined.
Once the count drift is determined to be below a certain level, this final level is then stored as the value used for subsequent calibration. This ATZ module is used by all modes except the CALIB module, which has its own auto Zeroing routine. Lastly, in FIG. 5l , the INTERRUPT module con trols all analog-to-digital sampling, generates calibrat ing message during auto zeroing, and generates and displays a real time clock for resting vent (RV) and MVV nodes.
As indicated above, the source code listing of the program for the microprocessor is provided by way of microfiche herein.
While a preferred embodiment has been shown and described, it is to be understood that numerous varia tions and modifications may be effected without depart ing from the true spirit and scope of the concept of the invention. The invention is limited only by way of the following claims. 
